To investigate the effects of sustained loading on the fracture properties of concrete, basic creep and 26 three-point bending (TPB) tests were conducted on the pre-notched beams. The specimens were 27 first subjected to two sustained loading levels, i.e. 30% peak load and the initial cracking load over 28 115 days. Then, they were moved out from the loading frames and tested under TPB loading until 29 failure. The critical crack propagation length (△a c ), the peak load (P max ) and the fracture energy (G f ) 30
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Creep tests 155
A steel loading frame was designed for performing the creep tests and the experimental set-up is 156 illustrated in Fig.1 . The load cell was connected onto a bolt and the load was applied by turning the 157 bolt. The data acquisition system with a digital display was used to record the real-time load. The 158 creep tests were conducted inside an environmental chamber with 23℃ and 60% relative humidity. 159
To ensure only the basic creep to be measured in the tests, double-layer aluminium tape was utilised 160
to seal the surfaces of the specimens to prevent the moisture evaporation. 161 162
Fig. 1. Set-up of the creep test 163
To investigate the creep behaviour at various loading levels, 30% of P max and the initial cracking 164 load were applied in the creep tests, respectively. For each load level, three specimens were adopted. 165
For the specimens subjected to 30%P max , the bolt was turned until the load level of 30%  3.81 kN 166 = 1.14 kN was reached. For the specimens subjected to the initial cracking load, four strain gaugeswere symmetrically put onto both sides of each specimen, 5 mm away from the tip of the pre-notch. 168
Strain gauges were then connected to an Integrated Measurement & Control (IMC) dynamic date 169 acquisition device. Once a new crack initiated, the measured strains from the strain gauges would 170 drop rapidly due to the sudden release of the stored strain energy at the tip of the pre-crack [22] . 171 Therefore, the initial cracking load could be obtained by gently turning the bolt until the measured 172 strain values dropped quickly. The applied initial cracking loads for the three reference specimens 173 were 2.85 kN, 2.95 kN and 2.97 kN, respectively. During the loading duration, the loads would be 174 adjusted to the pre-set values if they descended by 2%, which caused the increase in the 175 deformation over time. The loading point displacement (δ) and the crack mouth opening 176 displacement (CMOD) were measured using dial gauges. In addition, three specimens, which were 177 cast at the same time, were kept under the same conditions without loading, named as "aging 178 specimens". The loading point displacement versus time curves of three specimens for two loading 179 levels are shown in Fig. 2 , where C-30 and C-ini denote the specimens loaded under 30%P max and 180 under the initial cracking load, respectively. After 115 days, the specimens in the creep tests were 181 unloaded from the loading frames and then immediately subjected to the TPB tests. In order to investigate the effect of sustained loading on the fracture properties of concrete, the TPB 187 tests were performed on the specimens which had been subjected to the creep testing in a 250 kN 188 closed-loop servo MTS testing machine at a displacement rate of 0.048 mm/min. At the same time, 189
the aging specimens were also tested to for comparing the experimental results after a sustained 190 load with those under a static load. Two clip gauges were used to measure the CMOD, as shown in 191 Fig. 3(a) . In addition, to monitor the crack propagation length and crack tip opening displacement 192 (CTOD), four clip gauges were placed equidistantly along the ligament length, as shown in Fig. 3(b) . 
Test Results and Discussion 197

Effect of sustained loading on the crack propagation 198
From the load point displacement versus time curves in Fig. 2 , it can be seen that for the specimens 199 subjected to a sustained loading level of 30%P max , the displacement increased rapidly in the early 200 loading stage and gradually stabilised with the increase of time. In contrast, for the specimens 201 subjected to a sustained loading level as the initial cracking load, the displacement continuously 202 increased after the early loading stage, which confirms that the secondary creep occurred due to the 203 crack propagation [1] . This indicates that the crack propagation occurred when the concrete 204 specimens were subjected to the early sustained initial cracking load, while the crack would not 205 propagate when the specimens were subjected to the sustained 30%P max in the creep tests. In order 206 to determine the crack propagation length during the creep tests, it is assumed that the creep 207 displacements would recover when the specimens subjected to the creep testing were unloaded in 208 the creep tests and then reloaded to the creep loading level in the subsequent TPB tests. Thus, the 209 crack propagation length during the creep testing, a f , can be derived from the TPB tests by 210 measuring the CMOD and various crack opening displacements (CODs) along the ligament with 211 four clip gauges as shown in Fig. 3(b) . It should be noted that the COD can be employed to denote the 212 opening displacement at any points of the crack surface, while the CMOD only denotes the crack 213 opening displacement at the bottom of a beam. 214
The displacement at the crack initiation, w ini , could be determined by measuring the CTOD with 215 respect to the initial cracking load on the ageing specimens and was measured as 8. Table 2 . It can be seen that the 221 average crack propagation length was determined as 13.50 mm, indicating a significant effect of 222 sustained loading on the crack propagation. The same method was used to determine the critical 223 crack length a c (see Table 2 ), which was derived from the CODs corresponding to P max . Meanwhile, 224
to clarify the effect of sustained loading, the values of a c which were obtained from the 225 experimental investigations and calculated from Eq. (1) based on linear elastic fracture mechanics 226 (LEFM) were compared (see Table 2 ) 227
where B and D are the width and depth of the TPB beam, CMOD c is the critical crack mouth 229 opening displacement, and H 0 is the thickness of the knife edge and is equal to 3 mm in this study. Table 2 . Experimental results for all specimens 233 
Effect of sustained loading on the fracture properties 247
The P-CMOD curves of the three series concrete specimens are illustrated in Fig.5. For a vibrant  248 comparison between the three loading conditions, the average curve was used for each loading 249 condition. It can be seen from Fig. 5 that all the peak loads are very close for the specimens 250 subjected to different sustained loadings and the aging specimens, and the mean values of P max are 251 3.59 kN, 3.52 kN and 3.47kN for the C-age, C-30 and C-ini series specimens, respectively. The 252 peak load P max seemed not to be largely affected by the sustained loading applied in this study. 253 Similar conclusions were also drawn by other researchers [11, 12] . After obtaining the peak loads 254 and the critical crack propagation lengths from the tests, the unstable fracture toughness K Table 2 . It can be seen that there 266 was a very small difference in K un IC between the C-age and C-30 series specimens. However, the 267 mean value of K un IC for the C-ini series specimens increased by 22.7% compared with that for the 268 C-age series specimens. In particular, the mean value of P max for the C-ini series specimens was 269 smaller than that for the C-age series specimens. This indicates that the low sustained loading did 270 not largely influent the unstable fracture toughness. However, the unstable fracture toughness 271 significantly increased under the high sustained loading, due to the larger critical crack propagation 272 length compared with that under the static loading condition. 273
Besides the unstable fracture toughness, the fracture energy G f is also an important fracture 274 parameter for concrete and is defined as the required energy for creating the cracking area. It can be 275 
where W f is the total absorbed energy, A lig is the area of ligament, W 0 is the area below the measured 278 load-deformation curve, mg is the self-weight of the beam, δ 0 is the loading-point displacement at 279 failure, and a 0 is the initial crack length. 280
For the C-age and C-30 series specimens, there were no crack propagations during the creep testing 281 stage, so that the ligament areas did not change and their fracture energies still could be calculated 282 using Eq. (4). In contrast, for the C-ini series specimens, the ligament areas decreased because the 283 new cracks formed during the creep testing stage. In order to evaluate the effect of these new cracks 284 on the fracture energy, the total energy can be divided into two parts, i.e. the energy dissipated 285 The calculated G f values using Eq. (4) for the C-age and C-30 series specimens, and Eq. (5) for the 291 C-30 series specimens are all listed in Table 2 . It can be seen that, compared with the aging 292 specimens, the sustained loading has slight effect on the fracture energy through the energy 293 dissipated during the creep testing stage. The cohesive stresses were transferred in the FPZ and the 294 energy was dissipated, so that the fracture energy could be directly related to the FPZ evolution. 295
Microscopically, there were no micro-defects, i.e. no micro-cracks or weak planes formed around 296 aggregates under the low sustained loading. In this case, the FPZ evolution should be the same as 297 that under the static loading. In contrast, the micro-cracks would initiate under the high sustained 298 loading, resulting in the slow extension of the FPZ and variations of the crack-bridging stress area. 299 However, the sustained load level applied at the crack initiation in this study was not high enough.
According to the comparison of the a c values for the C-age and C-ini series specimens in Table 2 , 301 no significant increase was observed. Since the experimental results confirmed that the fracture 302 energy did not change with the sustained load levels, this indicated that the width or height of the 303 FPZ was not affected by the sustained loads applied in this study. 304
Meanwhile, the mean values of W f and W c for the C-ini series specimens were determined as 54.75 305
N·m and 571.7 N·m, respectively, giving the ratio of W c /W f as 9.6%. Therefore, the fracture energy 306 would be underestimated if the LEFM is adopted without considering the crack development during 307 the creep testing stage. 
Effect of sustained loading on the tension-softening constitutive law 311
The modified J-integral method proposed by Niwa [25] was utilised in this study to investigate the 312 tension-softening constitutive law of concrete after being subjected to the sustained loading. This 313 method has been used to evaluate the tension-softening relationships for polymer cement 314 mortar-concrete [26] and rock-concrete interface [27] . The J-integral is defined as the energy 315 available for crack propagation, E(δ), which can be interpreted as the total absorbed energy of a 316 cracked specimen minus the released elastic energy during unloading process. If both the unloading 317 and reloading paths can be assumed as linear, E(δ) can be written as 318
where δ is the displacement for a load P, and δ p is the residual displacement for a linear 320 unloading-reloading process from the descending branch of the P- curve, see Fig. 7 . 321 322 323
Fig. 7. Illustration of the Modified J integral method 324 325
It should be noted that Eq. (6) is only applicable for the specimens without microcracks existing at 326 their pre-crack tips, i.e. the C-age and C-30 series specimens. For the C-ini series specimens, 327
propagations of the microcracks were observed in the creep tests, so that the energy dissipations 328 caused by the microcracks should be considered. Therefore, the cohesive stress () w  is applied on 329 the FPZ by introducing a tension-softening relationship derived from the test results on the C-age 330 series specimens. Meanwhile, a reduction factor of 0.8 was used to consider the effect of the 331 cohesive stress relaxation [6]. The energy dissipation for the C-ini series specimens includes two 332 parts: one part is for overcoming the effect of the cohesive stress along the microcrack length a f , and 333 another part is for forming the new cracks. Therefore, Eq. (6) for the energy balance can be 334 rewritten as 335 
where E '(w) and E ''(w) are the first and second derivatives of the energy E(w). The crack widths at 364 the four equally divided points of the ligament can be measured by using four clip gauges (see Fig.  365 3(b)). Meanwhile, the crack propagation length Δa can be derived by measuring the fictitious cracktip, as illustrated in Fig. 4 . Based on the experimental results, the Δa-w relationship (normalized by 367 dividing the ligament height a max and the maximum crack width w max ) and the Δa-δ relationship 368 
where c 1 and c 2 are empirical constants. The experimental results indicates that the derived tension 382 softening constitutive laws for the C-age and C-30 series specimens were close to each other, withc 1 = 3, c 2 = 7 and w 0 = 0.18 mm obtained. In contrast, for the C-ini series specimens, c 1 = 3, c 2 = 6over time. Accordingly, compared with the case under static loading, the transference of the 409 cohesive stress in the FPZ would decrease even with the same crack opening displacement under 410 the sustained loading. Therefore, the free-stress crack opening displacement w 0 would decrease with 411 the increasing sustained load level. Meanwhile, according to the experimental measurements, the 412 fracture energy would not be affected significantly by the sustained loading applied in this study. To 413 ensure the energy balance, w s would decrease with the increasing w 0 . In summary, this indicates that, 414 under a sustained high load level, a shorter FPZ length could be formed, resulting in the increase in 415 the brittleness of concrete. 416
It should be noted that, according the size effect law [29, 30] , the variation of fracture energy was a 417 function of the specimen size and shape. In addition, based on the boundary size model [31, 32] , the 418 fracture energy decreased as the crack tip was close to the top surface of a specimen. In this study, the 419 size effect of the fracture energy was not considered when deriving the tensile softening relationship. 
